Introduction
Protected crops in Sicily extend over an area of about 8800 ha with a production of 430 660 t, mainly located in the South-East area, where the province of Ragusa totalises 4750 ha and 272~650~t [ISTAT 2008] . Greenhouses, however, due to confined spaces, high temperatures and high relative humidity, are very specific agro-ecosystems in comparison with the open field. To ensure high production, massive energy and chemical (fertilisers and pesticides) inputs are necessary.
A recent survey in Italy on about 200 farms showed that 40 percent of farmers make between 10 and 20 pesticide applications per year, and 28 percent more than 20 applications. The most frequent (57%) volume rates are within the range 1000-2000 L/ha and the most common spraying machinery (71%) are spray lances and spray guns.
These significantly high volume application rates and significantly high frequencies of application, put operators and the environment at high risk of exposure. In connection with the first consideration, it is known that operators, due to the usually uncomfortable climatic conditions, are reluctant to wear proper protective equipment (PPE), so the risk of pesticide absorption may be increased. Moreover, exposure may occur not only during spraying, but also during other activities, such as harvesting, if re-entry times are not adhered to.
Several Authors [Bjugstad 1996; Garrido Frenich 2002; Nuyttens 2005; Tuomainen 2002 ] report that a number of factors may influence exposure in field:
crop, spraying equipment, droplet diameters from spray guns, operator movement, environmental conditions.
With respect to impact on the environment, pesticides are one of the most hazardous groups of contaminants fauna and environment in general [ Van der Werf 1996] and contaminations can be both diffused (due to mixture applications) and localised (due to the preparation of spray-mixture and the cleaning of the machinery .
The aim of the present study is the evaluation of foliar deposition, ground losses, and dermal operator exposure under field conditions in two tomato greenhouses. The experimental activity lasted two years. In the course of the first year, whose results are reported in this paper, we compared the operator walking directions (forward vs. backwards) in two different vegetative stages (pre-production vs. full development). In the second year, whose results will be reported in a later paper, we compared two models of spray lance and the effects of using two working pressures.
Materials and methods

The crop
The experimental trials were conducted in a farm at Ragusa, where pesticide application in greenhouses is usually performed by means of hand-held highpressure spray lances or spray guns, spraying volume rates ranging between 900 and 1800 L/ha according to the stage of plant development. The task is normally accomplished by two operators: the first, inside the greenhouse, applies the mixture to the plants, while the second unwinds and rewinds the feeding hosepipe. Tank and pump are outside the greenhouse or in suitable service aisles.
Spraying trials were carried out in two greenhouses: the former with plants in pre-production stage, the latter with plants in full development stage. The chosen cultivar was Ikram, transplanted in twin-rows with a (full development) inter-row distance of 0.55 m, an inter-twin-row distance of 1.25 m, and row spacing of 0.35 m. The corresponding values in preproduction were 0.50 m, 1.45 m, and 0.35 m. The resulting plant density was 31 700 plants/ha in full development and 29 300 plants/ha in pre-production.
The main geometric and morphological quantities of the plants were measured before the spraying trials: minimum and maximum height of the foliage to be sprayed, its thickness at several heights, Leaf Area Index (LAI) and theoretical number of foliar layers (nL). nL is an estimate of the number of overlaid leaves, so its value, beside the LAI, affects the drop diffusion inside the canopy.
Geometrical measurements were made on 12 plants exhibiting average features, belonging to both rows of 6 different twin-rows. The LAI was assessed by estimating the foliar surface of 4 (full development) or 8 (pre-production) plants. The foliar surface was estimated by computing the regression equation of the surface on the mass, based upon a sample of leaves representative of the whole plants [Cerruto, 2007] . The theoretical number of foliar layers was computed as a function of the LAI, according to the equation:
( 1) where a is the average between-rows distance and ∆h the foliage height.
The experimental design
The experimental tests were carried out by means of the equipment used in the farm for spray application, i.e. a hand-held spray lance Yamaho C-6 ( Figure  1 ) with two steel nozzles, each with two orifices. The size of the droplets was measured at the DEIAFA (University of Turin) according to the ISO 5682-1 regulation and is reported in Table 1 .
The tank, the motor pump, and the 90 m hose-pipe, wound round a winding drum, were placed on a small trailer. All spraying tests were carried out at the pressure of 20 bar (measured at the pump output) that is usually adopted in the farm for pesticide applications. The corresponding flow rate at the nozzles was 5.1 L/min.
According to the aims of the research, the spray lance was used in two different ways: the first with the operator walking forward, as is usual on the farm, and the second with the operator walking backwards. To cope with the practical difficulties, the experimental trials were arranged so that firstly we measured foliar deposition and ground losses, and then the operator dermal exposure.
During each trial the spraying time was measured, and the walking speed was calculated. Taking into account walking speed, flow rate at the nozzles at 20 bar, and crop layout, the experimental design was as reported in Table 2 . The little difference between forward and backwards speed in each stage is due to the unfamiliarity of the operator with spraying while walking backwards, whereas the much higher difference between the two stages is due to the different plant features which required different volume application rates.
Foliar deposition measurement
Experimental tests were performed spraying a water solution with 2% of food dye red Poinceau as a tracer and 0.05% of a surfactant. For each treatment three replicates were carried out, arranged according to a randomised block design. Each block consisted of a twin-row 30 m long. Blocks were divided into two equal parts and each area was sprayed on both rows according to the experimental design, walking in the space between twin-rows as an operator would do under normal conditions when spraying pesticides. Some twin-rows were kept unsprayed between the blocks, so to avoid the overlapping of deposits during replicates. During the applications, air temperature and relative humidity were measured. Leaf sampling was carried out on both rows of the twin-rows, leaving out the borders so to limit the neighbourhood effects. Based upon the geometrical measurements, the canopy was divided up into three equal height zones (low, middle, and high) and into two depth zones (external and internal), as depicted in Figure 2 .
After mixture application, 4 leaves were randomly picked on each of these 12 sampling zones (3 heights × 2 depths × 2 rows), totalling 48 leaves/replicate and then 144 leaves/treatment. Each leaf was placed in a suitably labelled plastic bag and then carried into the laboratory to measure the deposit. The measurement was carried out by means of a spectrophotometric technique. To allow comparison between trials, all foliar deposits d were normalised to a reference volume rate V N according to: (2) where V is the applied volume rate. The reference volume rates were 1800 L/ha at full foliage development and 900 L/ha in pre-production stage. These two values were selected to reflect the different foliage development of the plants in the two experimental tests.
Ground losses
Ground losses were measured by means of collectors consisting of sheets of absorbent paper with a surface of 1053 cm 2 (46.2 × 22.8 cm), spread over frames 10 cm high so to avoid contacts with the ground (Figure 3 ).
Ten frames were used for each replicate, arranged in two rows, 3 m spaced, across the sprayed twinrows. The 5 frames in each row, numbered from 1 to 5 from the left to the right, were disposed as depicted in Figure 3 .
After spraying, the sheets were detached from the frames and put in suitably labelled plastic bags. The deposit was measured in the same way as the deposit on leaves had been measured. The values for each replicate were expressed as a percentage of the volume application rates. They were calculated by weigthing the deposits in each position, being the weights the widths of the sampling area: 0.625 m or 0.725 m for the positions 1, 2, 4 and 5, and 0.55 m or 0.50 m for the position 3, at full development or preproduction stage respectively.
Operator exposure
Experimental trials were arranged with a 60 m path (outward and return) between two twin-rows. Three replicates for each walking direction were carried out. During each replicate the operator was wearing a polypropylene disposable overall (Green Bay), completed with cover-shoes, respirator, and latex gloves.
After each replicate, the overall was cut in several pieces as depicted in Figure 4 , and the exposure of each piece was again measured by means of the spectrophotometric technique. It was expressed in micro litres per square centimetre per working hour and in millilitres per working hour.
To account for the differences in the volume application rates, the values were again normalised to 1800 (full development stage) and 900 L/ha (pre-production stage).
Data analysis
The normalised foliar deposition data were analysed by means of the analysis of variance (ANO-VA), performed separately for each stage. The analysis was carried out according to a split-plot design, assuming the operator walking direction as main plot factor and the sampling locations on the canopy as sub-plot factors. The ANOVA was also applied to the ground losses data, expressed as percentage of volume application rates, and to the whole operator exposure data, expressed in millilitres per working hour, in order to compare both walking directions.
All computations and graphical representations were performed by means of the open source software R [R Development Core Team, 2007] . Table 3 reports the main geometrical quantities of the plants.
Results and discussion
Plants features
In the light of these measurements, the sampling zones were chosen as follows: 
The determination coefficients were 0.931 and 0.971 respectively, both highly significant.
Based on these equations, the morphological quantities of the plants were calculated as follows in Table 4 .
Full development trials
Foliar deposition
The full development trials were carried out on April 26, 2006, between 9:50 and 10:46. The average temperature inside the greenhouse was 18°C, the relative humidity 72%.
The analysis of variance of the foliar deposits normalised at 1800 L/ha showed no statistical significant differences between the two walking directions (Figure 5 ): 1.43 µL/cm 2 walking forward and 1.73 µL/cm 2 walking backwards.
This overall result was however affected by the sampling depth (p = 0.029): in fact, whereas the average deposition on the external leaves was 2.6 times greater than that on the internal leaves (2.27 vs. 0.88 µL/cm 2 , Figure 5 ), splitting the data with respect to the walking direction, the results reported in Figure 6 were obtained.
It shows that both walking directions produced the same foliar deposits on the internal leaves, whereas walking backwards produced a significantly higher deposition on the external leaves (2.58 vs. 1.97 µL/cm 2 ). Further significant differences were observed among the three sampling heights ( Figure 5 ). The lowest deposition was observed in the middle zone, because of the highest value of LAI and number of foliar layers (Table 4) . Finally, no significant differences were observed between the two rows of the twin-rows ( Figure 5 ): the normalised deposit was 1.62 µL/cm 2 on the left row and 1.54 µL/cm 2 on the right one.
The overall uniformity, expressed as a coefficient of variation (CV, Table 5), was higher on the external leaves walking backwards (39% vs. 49%) and substantially the same on the internal leaves walking in both directions (63% vs. 64%).
Ground losses
Normalised deposits were not affected by treatments, but only by sampling positions (Table 6 ). It emerged that under the sprayed twin-row (positions 2, 3, and 4, Figure 3 ) the normalised deposits were significantly higher (p<1%) than in positions 1 and 5 (3.39 vs. 0.48 µL/cm 2 on average). Moreover, while in positions 1 and 5 the normalised deposits were almost the same with both treatments, in positions 2, 3, and 4 they were higher (p = 0.06) walking backwards (3.98 vs. 2.81 µL/cm 2 ).
The fraction of the applied volume rate on the ground was not statistically affected by the treatment. It was on average 16.8% (302 L/ha) walking forward and 23.5% (424 L/ha) walking backwards. Table 7 reports the operator exposure values, expressed as normalised deposits in micro litres per square centimetre per working hour and as millilitres of mixture which came into contact with each piece of overall per working hour. On average, the dermal exposure walking forward was more than 8 times that of walking backwards: 402 mL/h vs. 47 mL/h (Kruskal test significant at p = 0.0495 with only three replicates). The ratio was greater than 10 for several body parts, namely the right arm, right hand, right leg, and chest. This big difference is mainly due to the fact that, when the operator walked forward, his or her body partially came into contact with the cloud of spray, whereas when he or she walked backwards, there was time for the cloud of spray to deposit itself on the ground and/or on the crop.
Operator exposure
Looking at the results in more depth, we may observe that, walking forward, the right side of the operator was always more exposed than the left side, whereas the opposite occurred when walking backwards. This was because the operator brushed his or her body against the sprayed plants: when he or she walked forward, he or she brushed the right side against a sprayed row during both the outward and return path, and the left side only brushed against the sprayed row in the course of the return path. When he or she walked backwards, only during the return path and only his or her left side brushed against a sprayed row.
Legs were the body part that accounted for the greatest exposure: 40% walking forward and 48% walking backwards. This is because the foliage to be sprayed barely rose above ground level (Table 3) , so the operator, oscillating the spray lance, was inevitably directing the spray jet against his or her lower limbs. In addition, walking forward, upper limbs (arms and hands) accounted for 29%, lower limbs (legs and feet) for 52%, trunk (chest and back) for 17%, and head and respirator for 2% of the overall exposure. The corresponding values walking backwards were 14%, 69%, 16%, and 1%.
Pre-production trials
Foliar deposition
The trials were carried out on July 11, 2006, between 18:51 and 19:21. The average temperature inside the greenhouse was 26°C, the average relative humidity 64%.
The analysis of variance confirmed some of the previous results (Figure 7) , particularly those on the effects of the treatment. In fact, the average foliar deposition was unaffected by the walking direction: 1.16 µL/cm 2 walking backwards and 1.53 µL/cm 2 walking forward. It should be noted that these foliar deposits are comparable to those obtained in the previous experiments, even if the reference volume application rate is halved (900 vs. 1800 L/ha). As in the pre-production stage the plant height was about half that in full development stage, to obtain constant foliar deposition one would recommend that volume rates were proportional to the plant height, confirming the results obtained by Pergher [2007] and Franchi [2006] in vineyard.
On the whole, foliar deposits showed differences among the sampling locations greater than those observed in full development trials. This could be due to the different spraying techniques. In fact, whereas in full development trials the operator was oscillating the spray lance from top to bottom and vice versa, directing the spray jet on all the foliar wall, in these trials the operator was holding the spray lance, directing the spray jet only from top to bottom. This produced a very low deposition on the low zone (0.39 µL/cm 2 ), compared to that on the middle (1.98 µL/cm 2 ) and the high (1.67 µL/cm 2 ) zone. As a consequence, the differences between middle and low zones were higher than those between the external and internal layer (1.58 vs. 1.12 µL/cm 2 ). Moreover, the differences among the three height zones were affected by treatment and sampling depth (Table 8) . To be precise, while on low and middle zones the foliar deposit was the same on both layers (external and internal), on high zones it was significantly higher on the external layer (2.25 vs. 1.08 µL/cm 2 ). This is due to the spraying technique: in fact, parts of the spray jet, directed from top to bottom, crossed the row the operator was spraying and reached the middle and low band of the internal layer of the other row of the same twin-row, leaving a lower deposit on the internal high zone.
The foliar deposits at each height zone were also affected by the treatment factor (Table 8 ). In fact, while in low and high zones the foliar deposit was the same in both walking directions, in the middle zone it was significantly higher when walking forward.
Finally, the coefficients of variation of foliar deposits (Table 9) were lower when walking backwards in almost all sampling locations.
Ground losses
The pre-production trials confirmed the results of the previous trials, i.e. no statistical significant differences between the treatments and significant differences among the sampling positions (Table 10) . On average, the normalised deposits were 0.91 µL/cm 2 walking forwards and 0.75 µL/cm 2 walking backwards, 0.43 µL/cm 2 in positions 1 and 5 and 1.10 µL/cm 2 in positions 2, 3, and 4.
The fraction of the applied volume rate on the ground was again unaffected by the walking direction. It was 17.0% walking forward (153 L/ha with a reference value of 900 L/ha) and 14.3% walking backwards (129 L/ha).
Operator exposure
The results reaffirmed those obtained in full development stage, even if the differences between the two treatments were lower: forward = 114 mL/h, backwards = 28 mL/h, ratio = 4.1 (Table 11 ). This was due to the different plant features which required different volume application rates (900 vs. 1800 L/ha) and different spraying techniques (spray lance fixed vs. spray lance oscillating). As a consequence, the body parts more exposed were legs and feet, which together accounted for 84 percent (forward) and 79 percent (backwards) of the total exposure.
The greatest unitary deposits were found, with both walking directions, on feet (directly from the spray lance and from the ground), legs (the body parts nearest to the sprayed cloud), and right hand (which was holding the spray lance).
Conclusions
The experimental trials allow for the following conclusions:
• The average foliar deposition was not affected by walking direction. However, the uniformity of deposits on the canopy should be improved, especially in pre-production stage, when the low part of the canopy was much less sprayed than the middle and high part (0.39 vs. 1.82 µL/cm 2 on average) due to the spraying technique with the spray jet directed from top to bottom. At full foliage development, the differences among the three height zones were much more reduced, again due the spraying technique which involved oscillating the spray lance. Some differences were also observed between the external and internal layer of the canopy, especially at full foliage development, when LAI and the number of foliar layers were higher. These differences could probably be reduced by means of air assisted sprayers, which help the droplet transportation inside the canopy. Further research is necessary to assess this possibility.
• Despite the different volume application rates, average foliar deposits were comparable in the two trials. This points to the necessity of adjusting the doses per hectare by taking into account the height and foliar density of the plants.
• Due to the variations in walking speeds, big differences in volume application rates were observed among the replicates (up to 60% from minimum to maximum). This could affect the deposit uniformity on fruits, increasing the risks of exceeding the allowable limits. Further research exploiting mechanised solutions which ensure constant volume application rates and safeguarding operator safety is necessary [Balloni, 2008] .
• Ground losses ranged between 14.3 percent up to 23.5 percent of the applied volume rates, without statistical significant differences between the two walking directions.
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TABLE 9 -Coefficient of variation (CV, %) of the foliar deposits in the pre-production trials.
TABLE
10 -Ground losses (µL/cm 2 ) in pre-production trials (mean separation among positions by Kruskal test at 5% level).
11 -Operator exposure in pre-production trials.
• Operator exposure can be greatly reduced (up to 8 times at full foliage development, from 402 mL/h to 47 mL/h with a reference volume rate of 1800 L/ha) by walking backwards, without affecting the quality of application and working capacity.
